The effect of the solvent on the nonlinear absorptive properties of two series of 5,10-A 2 B 2 porphyrins was investigated with an open Z-scan technique in ns time regime. The recorded responses, which varied between compounds and solvents, were fitted with a four-level model where one-photon excited state absorption is followed by a two-photon process arising from the higher excited states. For most of the compounds the positive nonlinear absorption was stronger in toluene than in DMF and chloroform. This 10 was attributed to enhanced two-photon absorption in toluene. For DMF and chloroform the solvent effects were most likely compound specific. It was demonstrated that high saturation intensity of two-photon absorption shifts the RSA/SA turnover into higher fluence range, which is desirable for optical limiting applications. This saturation intensity of two-photon absorption varied between compounds and solvents. Additionally, nonlinear scattering contributed strongly to the open Z-scan responses for many compounds 15 in chlorobenzene and chloroform/chlorobenzene solutions. This was associated with the photodegradation of chlorobenzene.
Introduction
Solvent -solute interactions can result in changes of the optical properties of the organic dyes. Therefore the chemical 20 environment must be adjusted for a specific application to provide the best possible optical response of the material. With regards to the applications of reverse saturable absorption (RSA) dyes as passive optical limiters, it was previously shown that the chemical environment influences their optical limiting (OL) 25 efficiency, however, only few reports have explored this subject until now. The solvent type can impact on the ground and excited state properties of the molecule and alteration of these properties modifies the compound's OL characteristics. For example, in a study on the solvent effect of the RSA of C 60 under ns pulsed 30 laser, Koudoumas et al. demonstrated that the solvent influenced the OL efficiency via changes in the local field exerted on the solute or via solvatochromism. 1 No significant changes were reported in the OL efficiency of C 60 with the normalized transmission varying less than 10 % between different solvents. 35 Kimball et al. reported more severe changes induced by the solvent for (tetrabenzoporphyrinato)zinc(II) with the normalized transmission varying between 20 to 80 % for different solvents. 2 Such a solvent effect was only observed in the ns regime, whereas under irradiation with ps pulsed laser no changes in the 40 OL efficiency were observed between solvents. This was attributed to that fact that under ps laser light the contribution of triplet states to the nonlinear absorption (NLA) response was negligible and the triplet states became accessible only under ns pulses. In the ns regime the solvent modulates the ISC rates and 45 the threshold fluences. For (tetrabenzoporphyrinato)zinc(II) an attempt was made to simulate the solvent effect numerically, however, no good fit to the experimental data was obtained. 3 This indicates the high complexity of the solute-solvent interactions in the excited state. 50 The solvent can also induce additional NLO processes such as nonlinear scattering (NLS). For example, an improvement of the limiting threshold of C 60 as an RSA material in chlorobenzene compared to toluene was attributed to laser-induced NLS in chlorobenzene. 4 Numerous attempts to incorporate RSA dyes into 55 solid hosts such as polymer films 5 or sol-gel glasses 6, 7 have been reported. In most cases the solid state materials exhibited a better OL performance than solutions as higher densities of active molecules are achieved in the solid state resulting in stronger NLA. 60 Aggregation is an undesirable process for OL applications using RSA dyes. 8 It is influenced by the chemical environment and is usually enhanced in solid hosts. It minimizes the OL efficiency as it shortens the lifetime of the triplet excited states, adds additional relaxation pathways, and reduces the effective NLA properties of the porphyrins were measured with an open Zscan technique 13 (532 nm, 6 ns) over a broad range of input energies in different solvents: toluene, DMF, chloroform, chlorobenzene, and a 2:3 (v:v) chloroform/chlorobenzene solvent mixture. Experimental set-up details can be found elsewhere.
11 5 All measurements were performed in a quartz cell with 1 mm path length. All samples were prepared at a concentration of 2.5.10 -4 M and agitated for about 1 hour in a low power sonic bath prior to the measurements. The scattered light signal was measured simultaneously to the detection of the transmitted laser 10 irradiance in the open Z-scan experiments, with the photodetector placed at 30 o angle to the Z-axis. The experimental data obtained for all compounds in toluene, 15 DMF and chloroform at an input energy of ~50 μJ, which corresponds to an onfocus intensity of about 0.6 GW.cm -2 was fitted (where applicable, i.e. for those compounds which exhibited pure RSA response character at the interrogated input energy) with the expression for the normalized transmission 20 versus position along Z-axis to derive effective nonlinear absorption coefficient β eff according to a procedure reported before.
14 β eff is typically used in the literature to compare the OL efficiency of different materials. An example of the experimental data obtained for compound InCl_CCTMS in chloroform along 25 with the fitting curve generated according to the theory is presented in Fig 2. β eff could not be derived from higher input energy experiments, as no good theoretical fit to the experimental data could be obtained. 12 The data obtained in the whole range of input energies applied were fitted with a four-level model which 30 we developed recently. 11 An illustration of the model and definition of the parameters used in the fitting are given in Fig. 3 . The model assumes consecutive one-and two-photon excited state absorption. It is based on a steady state approximation. The expression for the nonlinear absorption coefficient, which was 35 derived before for such four-level model in the following form: 
Results and discussion
Open Z-scan studies were carried out for all compounds in DMF and chlorobenzene. In our previous studies we examined NLA of most of the compounds in toluene and we will refer to those studies for comparison. 12 It should be noted that protonation of free base compounds was observed in chloroform upon laser light irradiation. To avoid additional effects, free base compounds were excluded from studies in chloroform and in a 5 chloroform/chlorobenzene mixture (2:3 v:v). Generally, DMF and chloroform were poorer solvents for the compounds than toluene and chlorobenzene. Details on the quality of data and RSA/SA behaviour of individual compounds are given in the supplementary material ( Fig. S1 and S2 ).
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Solvent induced nonlinear scattering
In some experiments, the nonlinear scattering (NLS) was found to rise at higher input energies for chloroform, toluene and DMF porphyrin solutions, which was associated with degenerative processes. Yet, this phenomenon was considerably enhanced for 15 many porphyrins in chloroform/chlorobenzene and for a number of compounds in chlorobenzene. For these solutions the scattered light signal was detected at low and moderate input energies (40 -100 μJ). The evolution of a NLS light signal in experiments carried out at increasing input energies, along with the 20 corresponding measured transmission for compound Zn_Br in a chloroform/chlorobenzene solvent mixture is given in Fig. 4 (left panel).
Neat chlorobenzene, toluene, DMF or chloroform subjected to the open Z-scan experiment did not yield any NLO response. 25 Interestingly, the drop in transmission accompanied by the detection of scattered light signal could be observed for the neat chloroform/chlorobenzene solvent mixture (Fig. 4 right panel) .
The NLS maxima (in the focal regime, see Fig. 4 ) from the subsequent open Z-scan experiments at increasing input energies 30 for chloroform/chlorobenzene porphyrin solutions were plotted against the input laser energy and compared with similar maxima for the neat chloroform/chlorobenzene mixture (Fig. 5) . For most of the chloroform/chlorobenzene porphyrin solutions, NLS signals appeared at lower input energy than for the neat 35 chloroform/chlorobenzene solvent mixture. This indicates that the presence of the porphyrin molecules facilitate nucleation of the light scattering centers in the chloroform/chlorobenzene solvent mixture. The signals detected for all chloroform/chlorobenzene porphyrin solutions were weaker than those detected for the neat 40 chloroform/chlorobenzene solvent mixture, at comparable input energies. In general, the NLS maxima plotted versus input energy follow a similar trend for most chloroform/chlorobenzene porphyrin solutions. Therefore, it can be concluded that structural features of porphyrins have no effect on the NLS signal. NLS was 45 previously reported for RSA materials and associated with incomplete dissolution of the material. 15 Evidently herein, the scattered light signal depends on the solvent used. Yet, as previously stated, porphyrin molecules facilitate nucleation of light scattering centers.
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A report on the OL efficiency of C 60 as an RSA material described a transmission drop to lower values in chlorobenzene compared to toluene and related this to laser induced NLS in the former. 4 The NLS signal was also detected, in our studies, for porphyrin solutions in neat chlorobenzene, although not for all of 55 the compounds studied (detected for: InCl_Br, Pd_Br, Pt_Br, H 2 _CCTIPS, InCl_CCTMS, Pb_CCTMS, Pd_CCTMS and Zn_CCTMS). No specific trend could be established to correlate the structural features of compounds with the triggering of the scattered light signal in chlorobenzene. However, for those 60 porphyrin solutions which exhibited NLS in chlorobenzene, scatter light signal maxima plotted versus input energy followed a similar trend to that of the chloroform/chlorobenzene porphyrin solutions (Fig. 5) . We surmise that this phenomenon has a similar origin in both solvents.
The rate of transmission drop in the higher fluence range was very similar for the chlorobenzene or chloroform/chlorobenzene porphyrin solutions, which developed scattered light signals. In the lower fluence range the OL curves for these solutions followed those recorded in toluene of the respective porphyrin.
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(No thermal effects of similar nature were detected in toluene). Porphyrin solutions in chlorobenzene or chloroform/chlorobenzene, which did not exhibit any, or only exhibited a weak NLS signal, showed comparable or lower OL efficiency compared to that of the respective porphyrin in toluene 75 ( Fig. S2) . The lowering of the OL efficiency was associated with a solvent effect. The solvent type was previously shown to influence the photophysical parameters associated with the NLA process. The OL response detected for chlorobenzene porphyrin solutions and chloroform/chlorobenzene porphyrin solutions, 5 which developed NLS, can be explained in the following way: in the lower fluence range (<1 J.cm -2 ) the response is dominated by NLA exhibited by the porphyrin, in the higher fluence (>1 J.cm -2 ) range the response is mostly due to NLS. The origin of the scattered light in chlorobenzene and chlorobenzene/chloroform 10 was not investigated further, but it must derive from photochemical processes involving chlorobenzene.
For a given bromoporphyrin, the OL efficiency of the chlorobenzene or chlorobenzene/chloroform solution which exhibited NLS, was higher than that of the toluene solution. For 15 TMS-ethynyl substituted metalloporphyrins, which were in general stronger nonlinear absorbers than bromoporphyrins, the contribution of NLS to the OL effect led to comparable or slightly lower OL efficiency in chlorobenzene or chlorobenzene/chloroform solutions in comparison to toluene 20 ( Fig. S2) . The above studies illustrate that secondary NLO effects associated with degenerative processes of the solvent led to strong OL behaviour. Thus, these NLO effects may serve as additional protection against laser light in the higher fluence regime.
25
Solvent effect on the nonlinear absorption
The four-level model (Fig. 3 ) was successfully applied to fit the NLA responses detected in toluene, DMF and chloroform for all compounds (Fig. S2) . Data recorded in chlorobenzene and chloroform/chlorobenzene were excluded from the fitting due to 30 the NLS which would affect the nonlinear absorptive parameters used for comparative studies. The best fit parameters used in the experimental data modelling are summarized in Table 1 . The values of the effective nonlinear absorption coefficients derived from low input energy are also presented in 14, 16, 17 The remaining data for studies in DMF and toluene can be found in the previous publications.
11, 12
The following trend in the solvent effect on could be 40 observed for most compounds: (DMF) < (toluene) ( respectively. The impact of these parameters on the NLA responses was studied.
Impact of the four-level model fitting parameters on the nonlinear absorption
For OL applications it is desirable that a material exhibits a rapid transmission drop with the input and that RSA/SA conversion is inhibited up to the intensity at which the material is damaged.
According to a standard five-level Jablonski model, low saturation intensities of the ground state combined with high ratio(s) of the excited state absorption cross-section(s) to the ground state absorption cross-section are indicators of a good OL material. The same applies to the four-level model used to fit 10 the NLA response of 5,10-A 2 B 2 porphyrins. A low saturation intensity allows the saturated regime of one-photon excited state absorption to be quickly accessed with the input intensity. Analogously, a low saturation intensity allows the saturated regime associated with two-photon excited state absorption to be 15 quickly accessed with the input intensity. However, contrary to , does not always need to be low to maximize OL efficiency, which will be demonstrated below. High values of are desirable for OL. This is because the absorptive processes arising from the state are highly inefficient, 11 and high 20 will impede the contribution of these processes to NLA. Finally, high ratios of the excited to ground state absorption crosssections and enhance the nonlinear absorption coefficient, and therefore a transmission drop, which can be easily deduced from Eq. 1. (Fig. 7, Fig. 8 ). with for all cases studied (F, I, L). Low ensures that the most efficient saturated regime of the one-photon absorption will be quickly accessed with input intensity, and thus decreases with . Provided that the one-photon absorption process has a stronger contribution to the maximal transmission drop 85 (cases I (high ) and L (high but low )) it is important that is not too low as this leads to very low which quickly ceases OL action. It can also be seen that and depend on more in I and L than in F where the maximal transmission drop is dominated by two-photon absorption process. process and therefore the one-photon absorption process contributes more strongly to the maximal transmission drop when is high but is low and thus increases with in M.
is expected to increase with increasing saturation 30 intensities of any of the states. This can be observed for plotted versus and (F, I, L, H, K). However, a similar trend is not always followed in reference to parameter (J, M). This happens when a one-photon process is much more effective than a two-photon process. 35 as well as increase with (H, K). Both parameters depend strongly on when is low and is high (H). In the opposite case, when is high but is low, and do not depend strongly on unless a certain value of is reached (K). This can be explained as up to a certain value of , the one-photon process has a greater 5 contribution to the maximal transmission drop than the twophoton process. Therefore will have a weaker influence on and . For higher the contribution of the two-photon process to the maximal transmission drop becomes more significant. Thus, more dramatic changes in 10 and with can be expected. Note, that for both H and K, reaches very low values for low . Therefore low is highly undesirable for OL as it ceases the OL effect. influence of different parameters on the RSA/SA conversion intensity based on a three-level manifold with three consecutive one-photon absorption processes. 18 They demonstrated that, for an RSA/SA switch to occur, the cross-section of the higher lying excited state must be lower than that of the lower lying excited 25 state, which in turn must be larger than that of the ground state absorption cross-section. The switch occurs only when the intensity threshold is reached. The threshold decreases with increasing excited states lifetimes and increasing cross-section of the strongly absorptive state. Although a different model was 30 used in the current studies, similar findings were obtained. The current four-level model neglects processes arising from the state. These processes are assumed to be unabsorptive (with an absorption cross-section ≈ 0). As demonstrated previously, the population of the state cannot be neglected and the 35 population buil-up of the unabsorptive state leads to an RSA/SA switch.
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increases with increasing for the four-level model (Fig. 8 H,K) . Therefore, according to the definition of (Fig. 3) , decreases with increasing lifetime and the absorption cross-sections of the absorptive state (the state directly adjacent to the unabsorptive state). 
Solvent effect on the four-level model fitting parameters
The studies on the influence of the four-level model fitting 10 parameters on and showed that the dependence of and on these parameters is complex, and that the effect of a given parameter on the NLA action must be considered in relation to the values of all other parameters. As can be seen from Fig. S2 , both the character of the 15 NLA response and the fluence of the final RSA/SA turnover (if detected) varied between solvents and compounds. In order to delineate why this was the case we compared different fitting parameters for all 5,10-A 2 B 2 porphyrins in three solvents: toluene, DMF and chloroform. Additionally, based on the four-20 level model, and were numerically predicted for all of the compounds in solvents studied and compared against the parameters obtained.
and were plotted for all compounds in the three solvents studied (Fig. 9) . The values of did not vary 25 significantly between solvents for a given compound while the values of were more affected by the solvent. It has to be noted that, even though the solvent effect on was compound specific, in general followed similar trends for different was calculated for all compounds in all three 15 solvents. The solvent trend in for a given compound correlated with that in and . However, the degree of correlation varied between compounds. This can be explained with regard to the previous studies on the influence of the fitting parameters on , which showed that all 20 parameters must be considered simultaneously to understand the character of the dependence of on a given parameter. Therefore, the values of saturation intensities must also be considered. Note, that the values of are much higher for studies in toluene compared to those in DMF and 25 chloroform for the compounds examined.
To comprehend the correlation between and and further, , and were plotted for different compounds in different solvents (Fig. 10) . Except for Pt_Br, does not vary significantly between solvents. With the exception 30 of H 2 _Br, Pd_Br and Zn_CCTMS, the solvent does not have a strong effect on , either. However, tends to exhibit slightly lower values in toluene than in other solvents. No specific trend in the behaviour of was observed for different solvents. As discussed before, low weakens the contribution of the onephoton process and enhances that of the two-photon process. Low combined with a high , obtained for many of the compounds in toluene, should therefore enhance the contribution of the two-photon process to in toluene compared 5 to DMF and chloroform. Finally, also depends on the linear absorption coefficient . No significant changes in were observed between solvents. It was, however, noted that was slightly higher in toluene, which, additionally, should increase in toluene. 10 Note, that is the maximal possible nonlinear absorption coefficient at RSA/SA turnover fluence which varies between solvents. Therefore, in order to evaluate the OL capability of the material, and the linear absorption coefficient must also be taken into account. Alternatively, transmission at the fluence of 7 J.cm -2 , both in DMF and in chloroform, whereas for the TMS-ethynyl substituted series the minimal transmission at the fluence of 7 J.cm -2 did not follow any specific trend in DMF and chloroform.
As far as a solvent effect on the saturation intensities , 40 and is concerned, we showed above that did not vary significantly between solvents, tended to be lower in toluene, and did follow any specific trend for different solvents. Since the saturation intensities are proportional to , , and along with (~), (~), 45 (~), and , and were plotted for different compounds and solvents, to see how they correlate (Fig. 10) results in a lower saturation intensity , which leads to RSA/SA turnover occurring at lower intensities/fluences in the examined 5,10-A 2 B 2 porphyrins.
Finally, to study the solvent effect further, the predicted values of were plotted (Fig. 11) . They appear to be in good 80 agreement with the measured values for the compounds exhibiting RSA/SA turnover, which demonstrates the validity of the model over a broad fluence range. It can be seen that tends to be slightly higher in toluene than in other solvents, and that follows similar trends to those of in all solvents for 85 most of the compounds. strongly depends on provided that the two-photon absorption has a greater contribution than the one-photon process to the maximal transmission drop. Therefore, the observed correlation implies that the two-photon process has a greater contribution to the transmission in higher fluence regime for the studied compounds.
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It has to be noted that an exceptionally low was obtained for Pd_Br and Pt_Br in toluene, both compared to the same compounds in DMF and chloroform, and to the other compounds in all solvents. These two metal complexes exhibited an RSA/SA turnover at very low fluences in toluene, which can 10 be associated with low . As far as responses recorded in DMF and chloroform are 15 concerned, similarities in the solvent effect on NLA responses were observed for the complexes from the two series (brominated and TMS-ethynyl substituted macrocycles) having the same central metal. Both indium and both tin complexes (InCl_Br and InCl_CCTMS, and SnCl 2 _Br and SnCl 2 _CCTMS) exhibited a 20 more rapid drop in transmission with the input fluence in chloroform than in DMF. However, the solvent effect on the fitting parameters for those compounds was not particularly strong or consistent.
The NLA curves for Pb_Br, Pb_CCTMS, Zn,_Br and 25 Pd_CCTMS in DMF were very similar in the lower fluence regime to those in toluene for the respective compound. However, in the higher fluence range the NLA curves diverged (Fig. S2 ) and the RSA/SA switch for these compounds occurred at lower fluence in chloroform than in DMF. For all of these 30 compounds was lower in chloroform than in DMF. In comparison to other compounds, NLA responses of SnCl 2 _CCTMS and Zn_CCTMS varied the most between DMF and chloroform. It was noted that for these compounds and particularly were higher in the solvent in which a more rapid 35 transmission drop with the input fluence was observed, i.e., in chloroform for SnCl 2 _CCTMS and in DMF for Zn_CCTMS. In summary, the studies in toluene generally provided the best OL characteristics for most of the compounds analyzed. This was associated with the fact that in toluene the TPA is stronger than in 40 the other solvents used. Conversely, for DMF and chloroform the solvent effect on the OL characteristics was more compoundspecific and therefore difficult to identify.
Two compounds, H 2 _Br and Pd_Br, exhibited a distinct character of the NLA response in comparison to other 45 compounds, i.e. SA which switched to RSA when the input fluence was increased. Furthermore, a consecutive switch back to SA was observed in some of the measurements when the fluence was increased further.
The normalized transmission increased to a slightly higher 50 value through SA, and the SA/RSA switch occurred at a lower fluence in toluene than in DMF for H 2 _Br (Fig. S2) . The consecutive RSA/SA switch was detected for studies in DMF, but it did not occur in toluene within the range of fluence studied. Except for which was considerably lower for toluene than for 55 DMF, the fitting parameters did not vary considerably between the two solvents. The lower weakens the effectiveness of the one-photon process which consequently strengthens the SA character of the response. As a result, normalized transmission reaches a higher value in toluene through SA. Lower also 60 causes the faster saturation of a one-photon process, and therefore the consecutive two-photon process starts to contribute more effectively to the NLA response at lower fluences. Therefore, an SA/RSA switch occurs at lower fluence in toluene.
With regard to responses of compound Pd_Br in different 65 solvents, an increase in the normalized transmission through SA was highest in DMF, lower in chloroform, and lowest in toluene. An SA/RSA switch occurred at comparable fluences in DMF and chloroform, and at much lower fluence in toluene. The consecutive RSA/SA turnover was detected at low fluence in 70 toluene and at significantly higher in DMF. In chloroform, an RSA/SA switch was not detected within the studied fluence range. The values for , and were particularly different in toluene from those in DMF and chloroform. was significantly higher and both saturation intensities and 75 were notably lower in toluene compared to the other two solvents. As demonstrated in the preceding paragraph, high weakens SA, while low strengthens it. Evidently, the effect of is weaker than that of as the transmission increase through SA was the lowest in toluene. Lower in toluene leads to faster 80 saturation of the ineffective one-photon process, and therefore the consecutive two-photon process starts to contribute effectively to the NLA signal at lower inputs. This shifts the RSA/SA switch into lower a fluence regime. Furthermore, significantly higher in toluene should additionally lower the value of the SA/RSA 85 turnover fluence. For responses in DMF and chloroform and were more affected by the solvent than other parameters. In DMF, was lower and was higher than in chloroform. Lower in DMF led to stronger increase in the normalized transmission through SA. Finally, the numerically predicted 90 fluence of RSA/SA switch in chloroform was lower than that predicted and measured in DMF. in both DMF and chloroform were higher than that in toluene. The trend in RSA/SA turnover fluence clearly correlates to that in , for all three solvents studied. Summarizing, for both H 2 _Br and Pd_Br, the SA/RSA turnover occurred at the lowest fluence in toluene in comparison to the other solvents.
Conclusions
We carried out open Z-scan studies in the ns regime for two 5 series of free base and metalated 5,10-A 2 B 2 porphyrins in various solvents. The compounds exhibited different characters in the NLA responses, depending on their molecular structure. Most of the compounds exhibited a drop in transmission with input fluence (RSA) which switched to an increase (SA) in the higher 10 fluence regime in some of the experiments. A couple of compounds exhibited SA first, which then turned to RSA, and in some of the experiments turned back to SA again in the higher fluence regime. The solvent type was found to affect the magnitude of the transmission drop or increase and the RSA/SA 15 or SA/RSA turnover fluence. In order to understand the solvent effect better, the recorded responses were fitted with a four-level model, where a one-photon excited state absorption is followed by a two-photon process. The two-photon absorption process was enhanced in toluene in comparison to the other solvents. This was 20 attributed to a stronger transmission drop in this solvent. The RSA/SA turnover fluence correlated to the saturation intensity of the two-photon process ( ) for different compounds in all solvents studied. However, no specific solvent trend in was found.
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For the compounds exhibiting a SA/RSA (or an SA/RSA/SA) character of the response, SA/RSA turnover occurred consistently at the lowest fluence in toluene in comparison to the other solvents.
As far as open Z-scan results in chlorobenzene and The solvent impacts the nonlinear optical responses of 5,10-A 2 B 2
